Presented herein is an investigation into the buckling behavior of single-walled carbon nanotubes ͑SWCNTs͒ with defects via molecular dynamics ͑MD͒ simulations. Various kinds of defects including point defects ͑monovacancy, bivacancies, and line͒ and topological defect such as StoneWales ͑SW͒ are considered. The MD simulations performed on the SWCNTs are based on the reactive empirical bond-order and Lennard-Jones potentials for the bonded and nonbonded interactions, respectively. Different temperatures were considered to explore the thermal effect on the buckling behaviors of defective SWCNTs. It is observed that initial defects in the SWCNTs reduce their buckling capacities. The degree of reduction depends on the type of defects, chirality, and temperature. Point defects cause a greater reduction in buckling loads than SW defect. The degradation of the buckling resistance of carbon nanotubes is greater for zigzag CNTs at lower temperatures. It is also observed that reconstruction of defective SWCNTs can be realized either in a higher thermal environment or with a larger compressive force.
I. INTRODUCTION
Carbon nanotubes ͑CNTs͒ have attracted extraordinary attention of engineer scientists since their discovery in 1991 ͑Ref. 1͒ due to their remarkable mechanical, electronic, and chemical properties. [2] [3] [4] [5] [6] [7] [8] Considerable experimental and theoretical studies have been carried out to characterize CNTs. However, large discrepancies exist between experimental and theoretical results. For instance, Yu et al. 6 conducted experiments on 19 multiwalled CNTs ͑MWCNTs͒ under axial tension. The observed failure stress varies from 11 to 63 GPa, failure strain varies from 0.02 to 0.13, and Young's modulus ranges from 0.27 to 0.95 TPa. By contrast, theoretical computations [9] [10] [11] ͓e.g., density function theory ͑DFT͒, tight-binding molecular dynamics ͑TBMD͒, and MD based on modified Brenner's reactive empirical bond-order ͑REBO͒ potential͔ showed that the fracture stress varies from 70 to 135 GPa, and the failure strain varies from 0.18 to 0.4 for pristine CNTs. These theoretically obtained values are remarkably higher than the experimental results. Researchers attributed the discrepancy of results to the presence of various defects in CNTs used in the experiments. Defects such as vacancies and pentagon-heptagon ͑5-7͒ pairs 12 ͓also called Stone-Wales ͑SW͒ defect͔ have been observed in CNTs produced by chemical synthesis. 13 In recent years, considerable theoretical studies have been carried out to identify the defect-induced degradation in the mechanical properties of CNTs. Based on a literature search, most papers focused on the effect of defects on the fracture of CNTs under axial tension. [9] [10] [11] 14 For example, Mielke et al. 9 performed computations using DFT, semiempirical methods, and molecular mechanics ͑MM͒ based on REBO potentials 15 to explore the role of vacancy defects and holes in the fracture of single-walled carbon nanotubes ͑SWCNTs͒ under axial tension. It was observed that one-and two-atom vacancy defects can lead to a reduction in failure stresses up to 26% and the failure strains by as much as a factor of 2. But the theoretical results are still much higher than the experimental data. Zhang et al. 10 employed MM calculations together with coupling methods bridging MM and finite crystal elasticity to simulate the fracture of defective SWCNTs. The simulation results indicated that one-and two-atom vacancies reduce the fracture strength of CNTs by 20%-33%. Again the fracture strengths are still far from the experimental results. Xiao and Hou 11 analyzed the failure mechanism of vacancy-defective CNTs and their embedded composites. In the TBMD simulations on SWCNTs, Haskins et al. 14 investigated the effects of one-and two-atom vacancies and SW defects on the fracture strength of CNTs as well as Young's modulus.
In contrast to the extensive studies on defective SWCNTs under axial tension, far fewer studies have been done to study the buckling of defective SWCNTs under compression. In one of these few studies, Chandra and Namilae 16 performed MD simulations to explore the tensile and compressive behaviors of SWCNTs in the presence of chemical functionalization and topological SW defects. They found that the functionalization in CNTs exerts opposite impact on SWCNTs under axial tension and compression, i.e., the tensile strength of the functionalized CNTs is increased whereas the buckling stress is decreased. MD simulations based on Morse potential were carried out by Xin et al. 17 to study the effects of temperature changes and vacancy defects on the buckling behaviors of armchair and zigzag SWCNTs. It is reported that the vacancy defects have considerable influence on the buckling properties but the effect is greatly related to temperature changes. The weakening effect produced by the defects will decrease with increasing temperatures. However, no bond reconstruction around the vacancies was reported. This is likely because of Morse potential used in the MD simulations. Unlike Brenner's bond-order potential, 15 Morse potential cannot allow for covalent bond breaking and forming with associated changes in atomic hybridization. It is observed by Xia et al. 18 that the presence of interwall sp 3 bonds in the MWCNTs gives rise to the interwall shear coupling. As a consequence, the interwall load transfer and critical buckling strain of axially loaded MWCNTs can be enhanced significantly. This bridging interwall sp 3 in MWCNTs acts positively in contrast to other defects. Huq et al. 19 employed MM method to explore how two neighboring SW defects may interact and influence the mechanical properties of SWCNTs under axial compression. At a certain distance, the interaction between the pair of SW defects disappears. It is also revealed in the results that the zigzag SWCNTs with a pair of SW defects possess the highest buckling capacity while its armchair counterpart the lowest. Very recently, Wang et al. 20 proposed a new elastic beam model to study an axially loaded SWCNT with one-atom vacancy. The validity of the beam model was verified by comparing the results with those furnished by MD simulations.
It is clear from the foregoing literature review that the effects of various defects on an axially loaded CNT have not been fully explored. Which type of defects causes greater change in the buckling behavior of CNTs? How do the defects respond to temperature changes? Is the significance of the defects dependent on chirality of CNTs? How do the defects transform in changing conditions such as increasing force and temperature? To obtain answers to these queries, we perform MD simulations at room temperature ͑e.g., 300 K͒ to check the possible role that different defects play in the stability of SWCNTs in thermal environments. Diverse defects ͑monovacancy, bivacancies, SW defects, and line defect͒ are investigated in the present study with the view to understand their influences on the stability of SWCNTs. In order to address the chirality effect, zigzag and armchair SWCNTs with similar diameters are simulated. Additional MD simulations are performed at a higher temperature of 800 K so as to explore the combined effects of temperature changes and defects on the axially loaded SWCNTs.
II. COMPUTATIONAL MODEL
In the present MD simulations, the second-generation REBO ͑Ref. 15͒ and the Lennard-Jones 12-6 potentials 21 are adopted to describe the bonding and nonbonding atomic interactions in SWCNTs, respectively. The REBO potential allows for covalent bond breaking and forming with associated changes in atomic hybridization within a classical potential, thereby producing a powerful method for modeling complex chemistry in large many-atom systems. The revised REBO realistically describes the properties of molecular and solidstate carbon materials, including bond energy, bond lengths, and lattice constant. 15 Hitherto the REBO potential has been widely used in the analysis of CNTs 18, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and has been proved to furnish reliable results when compared to the more accurate but computationally expensive tight-binding 32, 33 or ab initio DFT methods. 34, 35 In the MD simulations, the fifth-order Gear's predictorcorrector integration scheme is employed with a time step size of 1 fs. Ensemble constant number of atoms, volume, and temperature ͑NVT͒ is adopted. The environmental temperature of the simulations ͑300 or 800 K͒ is controlled by a velocity-rescaling thermostat that has been shown to have negligible effects on the mechanical behaviors of CNTs. 18, 26, 27 The compression of CNTs under axial loading is accomplished by prescribing small displacement increment to the top five rings of atoms along the axial direction while constraining the bottom five rings of atoms. The other atoms are allowed to move freely during a relaxation period to reach a new equilibrium state. This compression and relaxation procedure is repeated until the desired axial strain level is reached. Herein both point defects and SW defect in zigzag ͑10,0͒ and armchair ͑6,6͒ SWCNTs with a moderate length of 53 Å are considered. The former defects can be formed by removing atoms from the pristine SWCNT ͑forming monovacancy, bivacancies, and line defect͒ whereas the latter one can be created by rotating a carbon-carbon bond by 90°with respect to its center. The SW defect indicated in Fig. 1͑a͒ is formed via a 90°rotation of the vertical bond, transforming four hexagons into two pentagons and heptagons ͑5-7-7-5͒. The monovacancy and bivacancies shown in Figs. 1͑b͒-1͑d͒ are formed by removing one-and two-bonded carbon atoms from the pristine SWCNTs, respectively. Consequently, the atoms around the vacancies become undercoordinated, leaving an unsaturated bond termed as dangling bond ͑DB͒, 36 as demonstrated in Fig. 1 . The line defect considered in the present study shown in Fig. 1͑e͒ is created by removing two horizontal adjacent atoms. The atoms deleted are nonbonded, different from bivacancies. In the present study, we assume that all the defects in Fig. 1 are located in the midlength of the CNTs. For defective CNTs with defects at different locations ͑top, low, and middle of the length͒, the MD results show that the CNT with defects at the middle of the length has the lowest buckling load and strains. These results are in
FIG. 1. ͑Color online͒ Geometries of four different defects at the midlength of ͑10,0͒ SWCNT: ͑a͒ SW defect, ͑b͒ monovacancy, ͑c͒ bivacancies B1 ͑vertical bond removed͒, ͑d͒ bivacancies B2 ͑tilted bond removed͒, and ͑e͒ line defect with two horizontal nonbonded atoms missing ͑the upper panel shows the pristine SWCNT while the lower panel contains the defective ones͒.
agreement with the finding of Wang et al. 20 Herein we focus on the severe cases of the CNTs with defects located in the midlength.
We will explore the buckling behaviors of different defective zigzag CNTs under axial compression at 300 K as well as 800 K via MD simulations. The buckling behaviors of the defective zigzag SWCNTs are compared to its corresponding pristine counterparts to reveal the effects of the defects. Additional MD simulations are performed on defective armchair ͑6,6͒ SWCNTs at 300 K to examine the cross effects of the defects and chirality, i.e., whether the degradation induced by the defects in CNTs is chirality dependent or not.
III. RESULTS AND ANALYSES

A. Effects of defects
First, we consider the pristine ͑10,0͒ zigzag SWCNT free of any defect under axial compression as a reference for the subsequent defect analysis. In the following, all the simulations are performed at room temperature ͑i.e., 300 K͒, unless otherwise specified. The relationships between the axial strain and the strain energy per atom U as well as the compressive force F acting on the pristine SWCNT are depicted in Fig. 2 . Prior to buckling, it is readily seen from Fig.  2 that the strain energy is a quadratic function of the axial strain, and the compressive force increases approximately linearly with respect to the strain. At the strain value of 0.0702 ͑i.e., point A in Fig. 2͒ , the compressive force reaches the peak value ͑at a buckling load of 63.7 nN͒ and drops abruptly accompanied by a spontaneous strain energy release, indicating the occurrence of buckling. After buckling, the CNT enters into the postbuckling stage. In the postbuckling stage, the compressive force acting on the SWCNT decreases slowly due to minimal structural changes in the postbuckling stage, as evident by the snapshots at two distinct points of A and B in Fig. 2 . The pristine SWCNT keeps its cylindrical shell configuration at the buckling strain of 0.0702 but it soon buckles sideways with the formation of kinks at the center and the lower end and then followed by the upper end. Bond breakages are observed at the severely distorted area in the center of the SWCNT.
In the following, we study the effect of different defects on the buckling capacity of ͑10,0͒ SWCNTs by comparing the results with their pristine counterparts.
SW defect
Experimental observations have revealed that the 5-7-7-5 SW defect is commonly present during synthesis of CNTs. 13 In the previous atomistic simulations on CNTs, it is observed that SW defects can be formed in CNTs under tensile 28, 29 or compressive loading. 30 In recent years, much research efforts have been devoted in exploring the influence of SW defect on the fracture properties of CNTs under axial tension. It is pointed out by Mielke et al. 9 that SW defects could lead to a reduction in the fracture stress and strain of a zigzag CNT by 7% and 30%, respectively. By using the Morse potential, Lu and Bhattacharya 37 reported a reduction in fracture stress and strain of up to 24% and 60%, respectively. Therefore, it is of significance to investigate its possible role in the buckling of CNTs under axial compression.
The ͑10,0͒ SWCNTs with a SW defect as shown in Fig.  1͑a͒ are considered. The SW defect shown in Fig. 1͑a͒ is generated by rotating a bond vertical to the tube axis by 90°w ithout DBs ͑e.g., all the atoms are coordinated having three neighbors͒. The formation of the 5-7-7-5 rings in the zigzag CNT alters the geometry of the local area surrounding the defect. After energy minimization, it is found that the diameter of the defective area has slightly increased. When the SWCNT is subjected to axial loading, the initial imperfection caused by the SW defect will expedite the occurrence of the buckling. Figure 3 shows the variation in the compressive forces with respect to the axial strain for pristine and defective CNTs. It can be seen that the buckling strain and buckling load of the CNT with SW defect are 0.0497 and 42.28 nN, respectively. These values are significantly smaller than the results ͑0.0702 and 63.73 nN͒ associated with the corresponding pristine CNT. The percentages of reduction in the buckling strain and load are up to 29.2% and 33.66%, respectively. The force versus axial strain curve for the SW defective CNT is close to that of the pristine CNT before the onset of buckling, implying that both CNTs possess similar Young's modulus. It is worth noting that Young's modulus is determined by the slope of the curve shown in Fig. 3 . In sum, Young's modulus is insensitive to the presence of SW defects, in agreement with the conclusions reached by Haskins et al. 14 in their TBMD studies. The SW defect shown in Fig. 1͑a͒ is symmetric to its axial axis due to the rotation of the vertical bond. The other orientation of SW defects can be formed by rotating the other two tilted bonds. In order to check the effect of the orientation of the SW defects, additional simulations were carried out on zigzag CNTs with SW defects orientated at 30°with respect to the axial axis. The buckling strain and load are found to be 0.051 and 42.91 nN, respectively, for the asymmetric SW defective CNT. The values are somewhat higher than their symmetric counterpart. In addition, both SW defective CNTs display similar buckling modes. It is evident that the orientation of the SW defects has a small effect on the buckling properties of the CNTs. We adopt the results of the symmetric SW defective CNT shown in Fig. 1͑a͒ in the following comparison study. The initial SW defect changes the local geometry of the CNTs, thus causing the degradation of the buckling properties. Similar conclusions have been reached for the fracture stress and strain of the CNTs in the presence of SW defect.
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Monovacancy and bivacancies
Next we turn our attention to vacancy defects that are the simplest defect type where one or more atoms are missing. Experiment conducted by Hashimoto et al. 13 using transmission electron microscopy has provided direct evidence for the existence of vacancies in graphene layers as well as in CNTs. It is also experimentally proven that vacancies can be produced using electron or ion irradiations, 38 and the most likely defects under irradiation are monovacancy and bivacancies. 39, 40 Considerable experimental and theoretical research works have been conducted to gain better understanding of their roles in influencing the mechanical and electronic properties of CNTs. It was found that the resistance of CNTs to axial tension deteriorated significantly in the presence of monovacancy and bivacancies. [9] [10] [11] Tightbinding calculations 36, 41 and MD simulations 31 have revealed that the vacancies in the CNTs can undergo bond reconstruction to arrive at a relatively more stable state under elevated thermal environments. By using ab initio calculations, Amorim et al. 42 found that the bivacancies are able to alter the charge transport properties of SWCNTs and graphene.
In what follows, MD simulations are carried out on the axially loaded CNTs with monovacancy and bivacancies, as shown in Figs. 1͑b͒-1͑d͒ . For the bivacancies, we consider two configurations, as shown in Figs. 1͑c͒ and 1͑d͒ . The configurations in Figs. 1͑c͒ and 1͑d͒ are generated by removing a vertical bond parallel to the axial axis and the tilted bond at the 30°direction with respect to the axial axis, respectively. For the sake of easy illustration, we shall refer the former configuration in Fig. 1͑c͒ as B1 while the latter one in Fig. 1͑d͒ as B2 .
The relationship between the compressive forces and the axial strain for the pristine and the vacancy-defective CNTs is displayed in Fig. 3 . It can be seen from Fig. 3 that the curves coincide with each other at a small strain level. With increasing strain, say, Ͼ0.03, the curves of the vacancydefective CNT deviate somewhat from that of the pristine one until buckling occurred. It is also observed that the slope of the curve for the pristine CNT is slightly larger than those of the defective CNTs, indicating that the pristine CNT has a little bit higher Young's modulus. In other words, the presence of vacancies can lead to a mechanical degradation of CNTs, in agreement with the findings of Haskins et al.
14 who employed TBMD simulations for the CNTs under axial tension.
From Fig. 3 , it is observed that the CNT with bivacancies B1 buckles first at the buckling strain of = 0.0419, followed by the CNT with monovacancy at = 0.0442 and then B2 at = 0.0465. It is expected that the CNT with monovacancy is superior to the CNT with bivacancies like B1 in resisting axial loading since the latter has a larger defective area in the CNTs. In addition, the CNT with B1 has one more DB than its monovacancy counterpart, as displayed in Figs. 1͑b͒ and 1͑c͒. When subjected to external loading, DBs become active and tend to interact with their neighbors to form new bonds, triggering more perturbations which in turn speed up the onset of buckling. Surprisingly, the monovacancy is not always superior to the bivacancies with regard to buckling strain. From MD simulations, it is found that the CNT with B2 has the highest buckling strain when compared to the strain of B1 and monovacancy. As shown in Fig. 1͑d͒ , it is clear that the removal of a tilted bond results in an asymmetric CNT with bivacancies B2. This can be explained from the viewpoint of energy. The asymmetric zigzag CNT with B2 is less energetically favorable than the symmetric zigzag CNT of monovacancy and B1. It is also pointed out by Zhang et al. 10 that the symmetric defective zigzag CNTs are more stable than its asymmetric geometry. In order to have a clearer insight of this thermal stability, complementary MD simulations have been performed on the CNTs with the present three vacancy defects in a thermal environment with increasing temperatures. Simulation results show that the CNT with B2 is the most unstable structure since the defect transforms to two pentagons and an octagon configuration ͑e.g., 5-8-5͒ at a relatively lower temperature of 600 K. The CNTs with monovacancy and B1, on the other hand, remain stable and reconfigure into 5-1DB ͑a pentagon ring coupling with a DB left͒ and 5-8-5 configurations at higher temperatures of 800 K, respectively. In view of this, the least stable CNT with B2 can undergo bond reconstruction at a strain of = 0.0404 ͑point A in Fig. 3͒ where the energy and compressive force drop simultaneously, as shown in Fig. 3 . The release of the energy indicates that the defective CNT reaches a relatively more stable state via bond reconstruction. As it will be shown later, a 5-8-5 configuration is formed on the onset of reconstruction. After reconstruction, the force that the CNT can sustain keeps increasing nonlinearly at a slightly slower rate until = 0.0465 ͑point B in Fig.  3͒ where buckling occurs. It is confirmed from the findings that the bond reconstruction plays a positive role for defective CNTs under axial compression. The bond reconstruction makes the CNT less stiff, which in turn leads to a higher buckling strain, but not necessarily a larger buckling load when compared to CNTs with other vacancy defects ͑see Fig.  3͒ . CNTs with monovacancy have the highest buckling load of 36.78 nN, followed by CNT-B1 with a buckling load of 34.58 nN and by CNT-B2 with 33.45 nN, which is expected since only one atom is missing in the case of monovacancy. As for the two different bivacancies, the buckling load for B1-CNT is slightly higher than that for B2-CNT. This may be attributed to their initial structures. The B2 defect leads to the removal of two vertical bonds while only one vertical bond is removed in B1, as clearly demonstrated in Figs. 1͑d͒ and 1͑c͒, respectively. The superior buckling capacity of zigzag CNT to its armchair counterpart lies in the fact that the vertical bonds in zigzag CNTs help in resisting axial compression. 43, 44 When one more vertical bond in CNT-B2 goes missing, the buckling load decreases somewhat. By adopting the Morse potential in the MD simulations, Xin et al. 17 observed that the CNT with monovacancy at 300 K has the highest buckling load and strain, followed by B1 and B2. These buckling load results are in agreement with the present results, but not with the buckling strain results. This discrepancy may be due to the use of the Morse potential which does not allow for bond reconstructions like REBO. In the present study, the buckling strain for the CNT with B2 can increase somewhat due to the occurrence of bond reconstruction before buckling. It is worth noting that even the highest buckling load of 36.78 nN ͑for the CNT with monovacancy͒ is still far away from the magnitude of 63.73 nN for the pristine one. The percentage difference is up to 42.29%, higher than 33.66% in the case of SW defect. It is clear that the vacancy defects induce significant deterioration in the buckling capacity of CNTs than the SW defect. This conclusion has also been drawn for the fracture strength of CNTs. 9, 10, 14 In the postbuckling stage, the compressive forces acting on the vacancy-defective CNTs tend to approach a constant and demonstrate a stepwise decreasing trend, a distinct difference from that of the pristine one, as shown in Fig. 3 . From the snapshots, we know that a distinct drop in the force indicates a dramatic structural change such as the formation of a kink or the occurrence of bond breakage. When the axial strain is greater than a certain magnitude, say, 0.085, the compressive forces are close to one another. This implies that the presence of the defects ͑vacancies and SW͒ has a marginal effect on the postbuckling behaviors of CNTs.
The snapshots of the vacancy-related zigzag CNTs at some distinct strain levels are given in Figs. 4-6 for monovacancy, B1, and B2, respectively. For the monovacancy, no bond reconstructions appear until the CNT buckles. At the buckling strain, the CNT loses its cylindrical geometry and deforms locally with a kink formed near the defective site, as shown in Fig. 4͑a͒ . Furthermore, the buckling of the CNT leads to the reduction in the distance between the vacancyinduced DBs. As a consequence, two of the three DBs rebond, forming a pentagon ring coupling with a DB left, namely, 5-1DB defect, 31, 36, 41 as shown in Fig. 4͑a͒ and magnified in Fig. 4͑d͒ . Owing to the formation of 5-1DB defect, the energy drops by 1.94 eV, which is in good agreement of 1.9 eV furnished by Lu and Pan 36 using tight-binding calculations. On further compression to 0.137, the CNT with monovacancy twists around the defective site accompanied with bond breakage, as highlighted in Fig. 4͑e͒ . This buckling mode is distinct from that of the pristine CNTs ͑see insets in Fig. 2͒ . It may be attributed to the stress concentration caused by the presence of monovacancy. Similarly, bond reconstruction happens after buckling occurs for the CNT with B1 defect. Two of the four DBs in the CNT form a new bond, transforming to two octagons with two remaining DBs, as displayed in Fig. 5͑a͒ and magnified in Fig. 5͑d͒ . Fig. 6͑d͒ that the newly formed defect remains stable even at the largest strain of 0.137. At this strain level, the central part of the CNT is highly distorted with bond breakages at both sides of the kink. It is worth noting that the buckling configurations at the same strain of 0.137 for the CNTs with B1 and B2 are similar to that of the pristine one. This observation is consistent with the fact that the compressive forces in the postbuckling stage are slightly defect independent, as shown in Fig. 3 . The close agreement of forces and similar deformed configurations at the large strain level in the postbuckling stage clearly demonstrates that the defects have little effect on the postbuckling behaviors of the CNTs.
Line defect with two horizontal nonbonded atoms missing
The bivacancies discussed in Sec. III A 2 are produced by removing two-bonded atoms, leaving four DBs, as shown in Figs. 1͑c͒ and 1͑d͒. However, when two nonbonded atoms are removed, a defective CNT is formed with six unsaturated DBs. Herein we term such a defect as a line defect ͓see Fig.  1͑e͔͒ . MD simulation is carried out to investigate the effect of line defect on the axially loaded CNT. The variation in the compressive force with respect to the axial strain is shown in Fig. 7 . For the sake of comparison, the curves for the bivacancies B1 and B2 are also presented in Fig. 7 . It can be seen that the CNT with line defect is more susceptible to bond reconstruction since two more DBs are present in the CNT. At very low strains of 0.0122 and 0.0152 ͑points A and B, respectively, in Fig. 7͒ the CNT experiences bond reconstructions gradually, forming a 5-8-9 ring at the defective site, as shown in Fig. 8 . After the bond reconstruction, the compressive force acting on the CNT increases linearly with respect to the axial strain until the buckling load is reached. The curve deviates from those associated with B1 and B2 due to the reduction in force induced by bond reconstruction, as shown in Fig. 7 . The buckling load for the CNT with line defect is 34.41 nN ͑point C in Fig. 7͒ , which lies in between 34.58 and 33.45 nN that correspond to B1 and B2, respectively. It is confirmed that whether the two missing atoms are bonded or not will not affect the buckling loads significantly. With regard to the buckling strains, it is found that the CNTs with B2 or line defect have similar buckling strains and they are higher than that of B1. This is likely because there are no bond reconstruction in the CNT with B1 since B1 is thermally more stable than the other two defects ͑B2 and line defect͒.
The snapshots corresponding to points A-C in Fig. 7 for the CNT with line defect are shown in Figs. 8͑a͒-8͑e͒, respectively. As magnified in Figs. 8͑d͒ and 8͑e͒, two new bonds are formed progressively at = 0.0122 and = 0.0152 during the procedure of reconstruction, which leads to the formation of the 5-8-9 configuration at the defective site. Similar to the reconstructed configuration in CNTs with other vacancies, the 5-8-9 configuration is stable throughout the buckling process, as it can be seen in the buckling mode in Fig. 8͑c͒ .
B. Effect of chirality
In order to examine the chirality effect on the defective CNTs, we consider ͑6,6͒ armchair CNT that has a similar diameter to its counterpart ͑10,0͒ CNT. From the simulation results, the ͑6,6͒ CNTs with vacancy defects undergo bond reconstruction prior to buckling which is similar to the zigzag cases. The simulation results for the armchair and zigzag CNTs are summarized in Table I . When compared with the pristine ͑10,0͒ CNT, it is found that the defects produce a degradation in the buckling load by at least 33.66%. However, the defects result in the largest reduction of 23.27% for the defective ͑6,6͒ CNTs. When the CNTs are free from any defect, the zigzag CNT possesses a higher buckling capacity than its armchair counterpart, but the reverse is seen when defects are present. As demonstrated in Table I , the defective ͑6,6͒ CNTs can stand even higher buckling loads than their corresponding defective ͑10,0͒ CNTs. The percentage difference could be up to 28.65%. Based on the foregoing discussion, the defects exert pronounced effects on the zigzag CNTs when compared to their armchair counterparts. In other words, the zigzag CNT is more sensitive to the geometrical imperfections, which in turn impairs its buckling resistance. Therefore, the buckling capacity of CNTs with defects is affected significantly by the chirality.
C. Effect of temperature
In Secs. III A and III B, MD asimulations are performed at 300 K when studying the effects of the various kinds of defects and chirality. Further MD simulations are carried out on the pristine and defective ͑10,0͒ CNTs at a higher temperature of 800 K so as to investigate the effect of temperature on their buckling behaviors. It is well known that increasing temperatures results in the increased thermal motion of the atoms and the formation of defects. [28] [29] [30] As a result, this imperfection induced by temperature changes makes the CNTs more susceptible to buckling. In the following, the cross effects of the temperature and the defects are closely examined by comparing the results at 300 and 800 K.
In Table II , the results at 800 and 300 K are compared. It is readily seen that the buckling load of the pristine CNT drops from 63.73 to 54.10 nN when the temperature is elevated from 300 to 800 K. The percentage difference is 15.11% due to this temperature change. When the defects are present, the buckling loads at 300 and 800 K are close to one another. The largest difference of 4.06% occurs in the CNT with line defect. For the CNT with SW defect, the buckling loads at 300 and 800 K are almost identical to a mere difference of 1.09%. The presence of defects leads to 47.51% and 39.57% reductions in the buckling loads at 300 and 800 K in comparison with those of the corresponding pristine CNTs. The higher temperature causes a smaller reduction. It is evident from the comparison study that the effect of defects on the buckling of CNTs would diminish at higher temperatures, similar to the conclusion drawn for CNTs under tension. 11 In other words, the pristine CNTs are more sensitive to the temperature changes than its defective counterparts. This may be explained as follows. At a higher temperature, the atoms are more active, making the defect remedy ͑bond reconstruction͒ possible even at low strain level and then achieving a more stable structure. As a result, the effect of defects is reduced significantly. Therefore, the degradation in the buckling capacity via the presence of the defects is also temperature dependent.
IV. CONCLUSIONS AND REMARKS
In this study, MD simulations have been performed on pristine and defective SWCNTs to investigate the effect of various types of defects ͑topological SW and point defects͒ on the axial buckling behaviors of SWCNTs. From the simulation results, it is evident that the presence of defects, especially the point defects ͑monovacany, bivacancies B1 and 
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Owing to chirality ͑10,0͒͑ 6,6͒͑ 10,0͒͑ 6,6͒ B2, and line defect considered here͒, leads to the reduction in buckling loads significantly. However, the degree of reduction is strongly dependent on chirality and temperature. At a lower temperature, the defects have a pronounced effect on the zigzag CNTs before buckling. However, in the postbuckling stage, the effect of the defects diminishes. At a higher temperature or at a larger strain level, CNTs with point defects can undergo bond reconstruction via the movement of DBs and thus attain a relatively more stable state. Owing to the presence of DBs, the point defects exert more influences on the buckling properties than SW defect. The present conclusions are reached based on the results furnished for the ͑10,0͒ and ͑6,6͒ CNTs of intermediate length ͑53 Å͒.I ti s noted that the influence of the defects is also size dependent. For CNTs with larger length or diameter, the degree of reduction in buckling loads decreases as supported by our MD simulation results. Defects are unavoidable in CNTs during the synthesis. It is hoped that the findings in this study could contribute to a better understanding of the effect of diverse defects on the mechanical properties of CNTs for their application in nanocomposites as stiffening fibers.
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The work presented in this paper was partially supported by a University of Western Sydney research grant ͑RGS 20731-80699͒. 6 conducted experiments on 19 multiwalled CNTs ͑MWCNTs͒ under axial tension. The observed failure stress varies from 11 to 63 GPa, failure strain varies from 0.02 to 0.13, and Young's modulus ranges from 0.27 to 0.95 TPa. By contrast, theoretical computations 9-11 ͓e.g., density function theory ͑DFT͒, tight-binding molecular dynamics ͑TBMD͒, and MD based on modified Brenner's reactive empirical bond-order ͑REBO͒ potential͔ showed that the fracture stress varies from 70 to 135 GPa, and the failure strain varies from 0.18 to 0.4 for pristine CNTs. These theoretically obtained values are remarkably higher than the experimental results. Researchers attributed the discrepancy of results to the presence of various defects in CNTs used in the experiments. Defects such as vacancies and pentagon-heptagon ͑5-7͒ pairs 12 ͓also called Stone-Wales ͑SW͒ defect͔ have been observed in CNTs produced by chemical synthesis. 13 In recent years, considerable theoretical studies have been carried out to identify the defect-induced degradation in the mechanical properties of CNTs. Based on a literature search, most papers focused on the effect of defects on the fracture of CNTs under axial tension. [9] [10] [11] 14 For example, Mielke et al. 9 performed computations using DFT, semiempirical methods, and molecular mechanics ͑MM͒ based on REBO potentials 15 to explore the role of vacancy defects and holes in the fracture of single-walled carbon nanotubes ͑SWCNTs͒ under axial tension. It was observed that one-and two-atom vacancy defects can lead to a reduction in failure stresses up to 26% and the failure strains by as much as a factor of 2. But the theoretical results are still much higher than the experimental data. Zhang et al. 10 employed MM calculations together with coupling methods bridging MM and finite crystal elasticity to simulate the fracture of defective SWCNTs. The simulation results indicated that one-and two-atom vacancies reduce the fracture strength of CNTs by 20%-33%. Again the fracture strengths are still far from the experimental results. Xiao and Hou 11 analyzed the failure mechanism of vacancy-defective CNTs and their embedded composites. In the TBMD simulations on SWCNTs, Haskins et al.
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14 investigated the effects of one-and two-atom vacancies and SW defects on the fracture strength of CNTs as well as Young's modulus.
II. COMPUTATIONAL MODEL
In the present MD simulations, the second-generation REBO ͑Ref. 15͒ and the Lennard-Jones 12-6 potentials 21 are adopted to describe the bonding and nonbonding atomic interactions in SWCNTs, respectively. The REBO potential allows for covalent bond breaking and forming with associated changes in atomic hybridization within a classical potential, thereby producing a powerful method for modeling complex chemistry in large many-atom systems. The revised REBO realistically describes the properties of molecular and solidstate carbon materials, including bond energy, bond lengths, and lattice constant. 15 Hitherto the REBO potential has been widely used in the analysis of CNTs 18,22-31 and has been proved to furnish reliable results when compared to the more accurate but computationally expensive tight-binding 32, 33 or ab initio DFT methods. 34, 35 In the MD simulations, the fifth-order Gear's predictorcorrector integration scheme is employed with a time step size of 1 fs. Ensemble constant number of atoms, volume, and temperature ͑NVT͒ is adopted. The environmental temperature of the simulations ͑300 or 800 K͒ is controlled by a velocity-rescaling thermostat that has been shown to have negligible effects on the mechanical behaviors of CNTs. 18, 26, 27 The compression of CNTs under axial loading is accomplished by prescribing small displacement increment to the top five rings of atoms along the axial direction while constraining the bottom five rings of atoms. The other atoms are allowed to move freely during a relaxation period to reach a new equilibrium state. This compression and relaxation procedure is repeated until the desired axial strain level is reached. Herein both point defects and SW defect in zigzag ͑10,0͒ and armchair ͑6,6͒ SWCNTs with a moderate length of 53 Å are considered. The former defects can be formed by removing atoms from the pristine SWCNT ͑forming monovacancy, bivacancies, and line defect͒ whereas the latter one can be created by rotating a carbon-carbon bond by 90°with respect to its center. The SW defect indicated in Fig. 1͑a͒ is formed via a 90°rotation of the vertical bond, transforming four hexagons into two pentagons and heptagons ͑5-7-7-5͒. The monovacancy and bivacancies shown in Figs. 1͑b͒-1͑d͒ are formed by removing one-and two-bonded carbon atoms from the pristine SWCNTs, respectively. Consequently, the atoms around the vacancies become undercoordinated, leaving an unsaturated bond termed as dangling bond ͑DB͒, 36 as demonstrated in Fig. 1 . The line defect considered in the present study shown in Fig. 1͑e͒ is created by removing two horizontal adjacent atoms. The atoms deleted are nonbonded, different from bivacancies. In the present study, we assume that all the defects in Fig. 1 are located in the midlength of the CNTs. For defective CNTs with defects at different locations ͑top, low, and middle of the length͒, the MD results show that the CNT with defects at the middle of the length has the lowest buckling load and strains. These results are in agreement with the finding of Wang et al. 20 Herein we focus on the severe cases of the CNTs with defects located in the midlength.
III. RESULTS AND ANALYSES
A. Effects of defects
SW defect
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Monovacancy and bivacancies
The snapshots of the vacancy-related zigzag CNTs at some distinct strain levels are given in Figs. 4-6 for monovacancy, B1, and B2, respectively. For the monovacancy, no bond reconstructions appear until the CNT buckles. At the buckling strain, the CNT loses its cylindrical geometry and deforms locally with a kink formed near the defective site, as shown in Fig. 4͑a͒ . Furthermore, the buckling of the CNT leads to the reduction in the distance between the vacancyinduced DBs. As a consequence, two of the three DBs rebond, forming a pentagon ring coupling with a DB left, namely, 5-1DB defect, 31, 36, 41 as shown in Fig. 4͑a͒ and magnified in Fig. 4͑d͒ . Owing to the formation of 5-1DB defect, the energy drops by 1.94 eV, which is in good agreement of 1.9 eV furnished by Lu and Pan 36 using tight-binding calculations. On further compression to 0.137, the CNT with monovacancy twists around the defective site accompanied with bond breakage, as highlighted in Fig. 4͑e͒ . This buckling mode is distinct from that of the pristine CNTs ͑see insets in Fig. 2͒ . It may be attributed to the stress concentration caused by the presence of monovacancy. Similarly, bond reconstruction happens after buckling occurs for the CNT with B1 defect. Two of the four DBs in the CNT form a new bond, transforming to two octagons with two remaining DBs, as displayed in Fig. 5͑a͒ and magnified in Fig. 5͑d͒ . Fig. 6͑c͒ . It is readily seen from Fig. 6͑d͒ that the newly formed defect remains stable even at the largest strain of 0.137. At this strain level, the central part of the CNT is highly distorted with bond breakages at both sides of the kink. It is worth noting that the buckling configurations at the same strain of 0.137 for the CNTs with B1 and B2 are similar to that of the pristine one. This observation is consistent with the fact that the compressive forces in the postbuckling stage are slightly defect independent, as shown in Fig. 3 . The close agreement of forces and similar deformed configurations at the large strain level in the postbuckling stage clearly demonstrates that the defects have little effect on the postbuckling behaviors of the CNTs.
Line defect with two horizontal nonbonded atoms missing
The bivacancies discussed in Sec. III A 2 are produced by removing two-bonded atoms, leaving four DBs, as shown in Figs. 1͑c͒ and 1͑d͒ . However, when two nonbonded atoms are removed, a defective CNT is formed with six unsaturated DBs. Herein we term such a defect as a line defect ͓see Fig.  1͑e͔͒ . MD simulation is carried out to investigate the effect of line defect on the axially loaded CNT. The variation in the compressive force with respect to the axial strain is shown in Fig. 7 . For the sake of comparison, the curves for the bivacancies B1 and B2 are also presented in Fig. 7 . It can be seen that the CNT with line defect is more susceptible to bond reconstruction since two more DBs are present in the CNT. At very low strains of 0.0122 and 0.0152 ͑points A and B, respectively, in Fig. 7͒ the CNT experiences bond reconstructions gradually, forming a 5-8-9 ring at the defective site, as shown in Fig. 8 . After the bond reconstruction, the compressive force acting on the CNT increases linearly with respect to the axial strain until the buckling load is reached. The curve deviates from those associated with B1 and B2 due to the reduction in force induced by bond reconstruction, as shown in Fig. 7 . The buckling load for the CNT with line defect is 34.41 nN ͑point C in Fig. 7͒ , which lies in between 34.58 and 33.45 nN that correspond to B1 and B2, respectively. It is confirmed that whether the two missing atoms are bonded or not will not affect the buckling loads significantly. With regard to the buckling strains, it is found that the CNTs with B2 or line defect have similar buckling strains and they are higher than that of B1. This is likely because there are no bond reconstruction in the CNT with B1 since B1 is thermally more stable than the other two defects ͑B2 and line defect͒.
B. Effect of chirality
C. Effect of temperature
IV. CONCLUSIONS AND REMARKS
In this study, MD simulations have been performed on pristine and defective SWCNTs to investigate the effect of various types of defects ͑topological SW and point defects͒ on the axial buckling behaviors of SWCNTs. From the simulation results, it is evident that the presence of defects, especially the point defects ͑monovacany, bivacancies B1 and B2, and line defect considered here͒, leads to the reduction in buckling loads significantly. However, the degree of reduction is strongly dependent on chirality and temperature. At a lower temperature, the defects have a pronounced effect on the zigzag CNTs before buckling. However, in the postbuckling stage, the effect of the defects diminishes. At a higher temperature or at a larger strain level, CNTs with point defects can undergo bond reconstruction via the movement of DBs and thus attain a relatively more stable state. Owing to the presence of DBs, the point defects exert more influences on the buckling properties than SW defect. The present conclusions are reached based on the results furnished for the ͑10,0͒ and ͑6,6͒ CNTs of intermediate length ͑53 Å͒.I ti s noted that the influence of the defects is also size dependent. For CNTs with larger length or diameter, the degree of reduction in buckling loads decreases as supported by our MD simulation results. Defects are unavoidable in CNTs during the synthesis. It is hoped that the findings in this study could contribute to a better understanding of the effect of diverse defects on the mechanical properties of CNTs for their application in nanocomposites as stiffening fibers.
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